Nanostructured magnetic materials have a variety of promising applications spreading from nano-scale electronic devices, sensors and high-density data storage media to controlled drug delivery and cancer diagnostics/treatment systems. Magnetic nanoparticles offer the most natural and elegant way for fabrication of such (multi-) functional materials. In this review, we briefly summarize the recent progress in the synthesis of magnetic nanoparticles (which now can be done with precise control over the size and surface chemistry), and nanoscale interactions leading to their self-assembly into 1D, 2D or 3D aggregates. Various approaches to self-organization, directed-, or template-assisted assembly of these nanostructures are discussed with the special emphasis on magnetic-field enabled interactions. We also discuss new physical phenomena associated with magnetic coupling between nanoparticles and their interaction with a substrate and the characterization of the physical properties at the nanoscale using various experimental techniques (including scanning quantum interferometry (SQUID) and magnetic force microscopy). Applications of magnetic nanoparticle assemblies in data storage, spintronics, drug delivery, cancer therapy, and prospective applications such as adaptive materials and multifunctional reconfigurable materials are also highlighted.
Introduction
The interest in nanostructured materials is driven by unusual physical properties of highly confined systems with reduced dimensionality as well as by their promising applications in electronics, optics, energy conversion and storage. Nanoparticles can be used directly or also as building blocks to construct nanostructured materials (arrays of nanoparticles) with unique properties suitable for many modern applications spreading from photonic crystals 1 to cosmetics and biomedical research (especially gold colloids). Self-assembly (also known as a ''bottom up'' fabrication process) is technologically the most attractive way for construction of such nanostructured materials as it provides scalability and simplicity for the fabrication of complex (hierarchical) structures. [3] [4] [5] Magnetic nanoparticles, which are considered in this review, are no exception and offer interesting current and future applications in high-density data storage, nanoscale electronics, sensors, and medicine.
6-11
Magnetic properties of nanoparticles depend strongly on their size and shape in addition to their intrinsic magnetic characteristics, such as magnetic moment and magneto-crystalline anisotropy. Magnetic moments of individual atoms constituting a nanoparticle can be coupled via the exchange interaction so that the particle as the whole may possess a super-atomic scale magnetic moment (a ''superspin''). The magnetic anisotropy energy associated with such a superspin can have a small value comparable to the thermal energy. It depends on the number of coupled atomic spins and therefore on the size of the nanoparticle as well as the anisotropy constant. When temperature is decreased in the presence of a magnetic field, such a nanomagnetic ensemble may become magnetically ordered below some limiting temperature known as the blocking temperature, T b , and can maintain remanent magnetization even if the field is removed. Sufficiently small nanoparticles have a single domain structure as opposed to larger particles, which can be divided into several domains with different magnetization orientations (Fig. 1) . Single-domain particles are characterized with a preferred axis of magnetization (the so-called 'easy' axis), which depends on the nature of the material and the shape of the particle. Several typical shapes and magnetization orientations are shown in Fig. 1 . The preferred orientation of magnetization in elongated particles (nanorods) with a large aspect ratio (the ratio of their height to diameter) is parallel to the long axis of such a nanorod if the shape anisotropy dominates over the crystalline anisotropy. For disc-like particles with a small aspect ratio the shape anisotropy favors in-plane magnetization.
12 The magnetic energy of the nanoparticle varies depending on the angle q of deviation of the magnetization direction from the easy axis and an effective anisotropy constant K as E(q) ¼ KV sin 2 (q), where V is the volume of the particle. Therefore, for an easy axis particle one can imagine two preferred orientations for the superspin: ''up'' and ''down'' (or q ¼ 0 and q ¼ p) separated by the energy barrier KV. At high temperature, thermal fluctuations cause fast flipping of the magnetization between these two energy minima, but at lower temperature, the superspin is ''frozen'' (blocked) in one of the minima.
A characteristic time s for the superspin flipping obeys the Arrhenius law: s ¼ s 0 exp (E B /kT), where E B is the height of the energy barrier (E B ¼ KV if no external magnetic field is applied), and s 0 is a material-specific relaxation time, which is of the order of 10 À9 s for a 10 nm size particles. 13 The characteristic time scale should be compared to the relevant experimental time scale s exp . When s is larger than s exp the magnetic moment of the particle is blocked exhibiting apparent ferromagnetic behavior with characteristic hysteresis in the magnetization curve upon changes in the applied magnetic field. In contrast, when the experimental
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time scales are much larger than the relaxation time, the superspin fluctuates frequently on the experimental time scale such that the time-average magnetic moment, m, is equal to zero. This consideration defines two distinguished magnetic behaviors: a superparamagnetically blocked state below T b and superparamagnetic state above this temperature. The superparamagnetic transition depends therefore on the nature of the material, the size and the shape of the nanoparticles and can be described in terms of the smallest size of the nanoparticles (when they are still blocked at room temperature) or in terms of the temperature at which the superparamagnetic transition occurs for a given average size of the particles. Fig. 2 shows how the critical size for superparamagnetic transition (D sp ) depends on the type of the material for several common ferromagnetic materials. It demonstrates also another transition between a single-domain and polydomain state, D cryt . 9 As follows from this consideration, nanoparticles of 10-15 nm in diameter with effective anisotropies typical for 3d ferromagnets have the blocking temperature 14 much below the room temperature. 15 For such a case the individual particle dipoles are randomly oriented due to thermal fluctuations and hence, a collection of such nanoparticles does not possess a net magnetic moment unless an external magnetic field aligning the individual dipole moments of the nanoparticles is applied.
According to this consideration, the blocking temperature T b can be defined as: T b ¼ KV/k B ln (s exp /s 0 ), where k B is the Boltzmann constant. For example, T b of 26 nm Fe 3 O 4 nanoparticles (K z 1.1 Â 10 4 J m À1 ) 16 is about 300 K and, therefore, particles larger than $26 nm are predicted to have ferromagnetic behavior at room temperature, while smaller particles should exhibit superparamagnetism. 27 Similar to paramagnetic atoms and molecules, arrays of nanoparticles in superparamagnetic state exhibit a net magnetic moment only under an applied magnetic field. The magnetization vector M (the magnetic moment per unit volume) of an array of non-interacting nanoparticles in the absence of magnetic anisotropy obeys the Langevin equation. 
where 4 is the volume fraction of magnetic particles, M sat is the bulk saturation magnetization of the particle material and the Langevin parameter, a, depends on the radius of a nanoparticle, a, temperature and external magnetic field strength, H:
when the nanoparticles are put into external magnetic field H, they acquire induced magnetic moments m ¼ m 0 cVH ¼ m 0 M sat V (where m 0 is magnetic permeability of vacuum, c is the material susceptibility, and V is the particle volume). Therefore, the magnitude of the intrinsic magnetic moment scales with the particle volume. Magnetized particles themselves can act as small magnets. The energy of interaction between two magnetized particles is described with a Keesom potential, which depends on the strength of dipole moments, and scales as r À3 with the distance between them (Fig. 1e) . The interaction between magnetized nanoparticles depends strongly on their relative orientation (may be attractive or repulsive depending on the angle d). The force of the dipole-dipole interaction F ¼ ÀVU mag scales as r
À4
, indicating that it becomes much stronger as two nanoparticles are close to each other. The strength of the inter-particle interaction can be also characterized by the dimensionless dipole strength parameter: l ¼ (pm 0 a 3 c
H
2 )/9k B T.
18
Within the material, spins can be strongly coupled and therefore orient collectively in a single direction (the easy magnetization direction †). Contrary to this behavior, spins are increasingly disordered near the nanoparticle surface due to weaker coupling with the more ordered interior spins. As a result of such a surface effect, the saturation magnetization of a nanoparticle M sat is smaller than the corresponding bulk value M sat bulk and can be approximated as:
, where a is the radius of the particle, and d is a characteristic thickness of the disordered surface layer (see Fig. 1a) . 19 The thickness of the disordered layer may be different depending on the type of the particles but is typically on the order of 1-2 nm.
20,21
The nanoparticles are often coated with adsorbed surfactant layers or have a natural oxide layer on the surface. The surfactant (or ligand) layer is often intentionally produced during nanoparticles synthesis in order to prevent their agglomeration that would otherwise occur due to the attractive van der Waals forces and dipole-dipole interactions. In many cases the nanoparticles are additionally ''functionalized'', i.e., coated with suitable inorganic or organic molecules that serve specific chemical or biological tasks.
22
If ferromagnetic nanoparticles are suspended in a liquid (so-called ferrofluids) they may possess additional degrees of freedom associated with possible rotation of the nanoparticles and therefore the effective blocking temperature may be smaller. In this case even strongly coupled nanoparticles of relatively big size may display superparamagnetic behavior due to possible relaxation via rotational diffusion of the entire particle (instead of its moment). In this case the characteristic relaxation time depends on the viscosity h of the imbedding fluid: s ¼ 3Vh/k B T.
27
On the other hand, if the same nanoparticles are densely packed or are adsorbed on a surface of some solid (template) the T b may be enhanced. For example, closely packed arrays of magnetite nanoparticles exhibit ferromagnetic behavior even for particles smaller than D sp ¼ 26 nm due to strong dipole-dipole interactions. 23 Skumryev et al. demonstrated that confined magnetic Co nanoparticles embedded in an antiferromagnetic matrix (CoO) can lead to a significant, up to 30-fold, increase of the blocking temperature in comparison to a paramagnetic (Al 2 O 3 ) matrix environment. 24 The effect is due to a strong exchange interaction in the system causing pinning of the nanoparticles magnetic moments by the matrix. As mentioned by Eisenmenger and Schuller, similar effects should be observed for 2D and 3D arrays of monodisperse nanoparticles where coupling between the nanomagnets cannot be completely ignored. 25 As an additional factor, immobilization of nanoparticles on a solid substrate also implies reducing the number of their degrees of freedom (e.g., due to eliminating rotational degrees of freedom in comparison to a ferrofluid case) and therefore leads to increase of T b .
26
Being a nanoscale magnet, individual nanoparticle generates a local magnetic field, which can be represented with magnetic field lines (Fig. 3) . Calculations show that this magnetic field produces attractive interaction to other similar nanomagnets if they are located near the poles along the main magnetization axis. Simultaneously a repulsive interaction will be observed with other nanoparticles located near the equator as shown in Fig. 3 . 27 
Synthesis of magnetic nanostructures
Numerous approaches such as chemical, template-assisted and lithographic have been extensively investigated for the fabrication of a wide variety of magnetic nanostructures such as iron oxide, pure metal, metal alloys and core-shell structures. Although a comprehensive literature review of the various synthetic routines is beyond the scope of this review, we will briefly describe the most important methods, which have offered excellent size and shape control. Fig. 3 (A) Cooperative behavior of weakly interacting magnetic nanoparticles in a liquid dispersion under or without external magnetic field (if the magnetic field is zero nanoparticles are randomly oriented, while in the presence of the magnetic field they prone to form chains); (B) computer simulation of an interaction potential distribution around a single domain magnetic nanoparticle. Blue regions near the poles of the particle correspond to attraction interaction while red regions near the equator correspond to repulsion. (C) Interaction potential acting between two 15 nm cobalt nanoparticle with a magnetization of 1.4 Â 10 6 Am
À1
depending on the distance between them. At small separations interaction is strong (and scales as r À3 ) causing in-line alignment of neighboring particles. At larger separations the magnetic moments become increasingly disordered and their interaction is better described with nonmagnetic van der Waals interactions (dashed curve), which scales as r À6 with the inter-particle distance. However, the transition from r À3 to r À6 regime is not observed in the presence of an external magnetic field, which maintains coupling and relative orientation of the magnetic dipoles at any separation. Reprinted from ref. 27 .
Chemical synthesis
Chemical synthesis of nanostructures has been achieved using techniques such as thermal decomposition, co-precipitation, microemulsion and hydrothermal methods.
28 Thermal decomposition and hydrothermal approaches offer better shape and size (narrow distribution of the size of the particles) compared to other synthetic routes. Narrow distribution of the size of magnetic nanoparticles is important considering the fact that the blocking temperature of nanomagnets critically depends on the size of the particles and a polydisperse sample results in broad blocking temperature, a trait undesirable in most of the applications.
Thermal decomposition method involves in the synthesis of monodisperse magnetic nanostructures by thermal decomposition of organometallic compounds such as acetylacetonates, carbonyls or cuproferronates in organic solvents in the presence of surfactants such as oleic acid and hexadecylamine. [29] [30] [31] [32] The ratio of various precursors involved in the reaction governs the size and shape of nanostructures formed in the process. A general decomposition approach for the synthesis of size-and shape controlled magnetic oxide nanocrystals has been reported by Peng and co-workers. 33 The technique is based on the pyrolysis of metal fatty acid salts in the presence of corresponding fatty acids (lauric acid, myristic acid, decanoic acid, palmitic acid, oleic acid, stearic acid), a hydrocarbon solvent (e.g. octadecene), and activation reagents. Nanocrystals with very narrow size distribution and sizes tunable over a wide size range (3-50 nm) could be synthesized. Furthermore the technique offered excellent control over the shape (spherical particles, cubes) of the nanocrystals.
In a more recent study, Nogu es and co-workers have synthesized highly monodisperse (both in terms of shape and size) cubic and spherical maghemite (g-Fe 2 O 3 ) nanocrystals using thermal decomposition method. 34 The ratio of the precursors (iron oleate and oleic acid) and the thermal decomposition time were varied to achieve shape controlled nanocrystals. In particular, decomposition for shorter duration (2 hours) resulted in spherical particles while decomposition for longer duration (10 hours) resulted in cubic particles. Fig. 4 shows the high resolution TEM images of the spherical and cubic maghemite nanocrystals obtained using the thermal decomposition method. The saturation magnetization, coercivity, and hysteresis loop shift remained largely insensitive to the shape of the nanocrystals. However, the blocking temperature of the spherical particles was found to be significantly higher compared to the nanocubes despite having similar volume. Control of the surface anisotropy of nanocrystals also offers unique opportunities in the self-assembly of nanocrystals, often not accessible to spherical particles.
35
Apart from metal oxide magnetic nanocrystals, thermal decomposition technique was also employed for the synthesis of shape controlled metal nanocrystals. Magnetic nanoparticles of 3d transition metals (Co, Ni, Fe) were synthesized by introducing a reducing agent into a hot solution of metal precursor and surfactant, which results in a single short nucleation event followed by slow growth process. Excellent control over the size and shape of the nanoparticles has been achieved by precisely choosing the temperature and metal precursor to surfactant ratio. [36] [37] [38] [39] One note worthy example, which subsequently led to significant developments, is the cobalt nanoplates synthesized by Alivisatos and co-workers using thermal decomposition of cobalt carbonyl precursor. 37 From their initial study, the authors noted three important factors for achieving shape controlled magnetic nanocrystals: (i) presence of suitable organometallic precursor that decomposes at temperatures below the surfactants' degradation temperature; (ii) two surfactants that differentially adsorb to the nanocrystal faces; and (iii) one of the surfactants must promote monomer exchange between particles to allow narrow size distribution. In subsequent studies, highly monodisperse cobalt and nickel nanorods have been synthesized using thermal decomposition approach by various groups.
40-42
Such chemically synthesized nanostructures show minute magnetic interaction due to dilution and separation of nanoparticles in the solvent.
The other important chemical synthesis approach, which offers excellent control over the size and shape of the nanocrystals is the hydrothermal synthesis, which involves the use of liquid-solid-solution (LSS) reaction. This truly versatile approach for the synthesis of a wide variety of nanocrystals such as metallic, semi-conducting, dielectric, magnetic, rare-earth fluorescent and polymeric was introduced by Li and coworkers. 43 The general strategy involves LSS reaction at different reaction and temperature conditions. In particular, the preparation of metal nanocrystals involved the reduction of metal ions by ethanol at the interfaces of metal linoleate (solid), ethanollinoleic acid liquid phase (liquid) and water-ethanol solutions (solution) at different temperatures under hydrothermal conditions. The strategy is based on the phase separation occurring at the interface of solid-liquid-solution phases present in the reaction. As an example, the authors have demonstrated the synthesis of monodisperse ($10 nm) Fe 3 O 4 and CoFe 2 O 4 nanocrystals.
Singamaneni and Bliznyuk have demonstrated an unconventional and facile approach to synthesize magnetic nanocrystals with uniform size. 44 Ni nanoparticles with 10 nm diameter were synthesized by ultrasonication of the thermally evaporated Ni film in an organic solvent (chloroform). The authors suggested that initially when the glass substrate with Ni film is placed in the solvent, liquid bridges the gaps between the grains due to capillary forces. Ultrasonic agitation causes the liquid filling the interstices to exert pressure on the adjacent grains and subsequently move the particle. The ultrasonic energy overcomes the weak van der Waals interaction between Ni grains on the glass substrate, causing the Ni grains to be removed from the substrate and colloidally suspending them in the solvent. The nanoparticles suspended in the solution have been assembled into nanochains using an external magnetic field as will be discussed in Section 3.
Template assisted fabrication
The other important approach is the template-assisted fabrication of nanostructures. 45 The technique offers two important advantages compared to the chemical routes: (i) the size and shape of the nanostructures formed are predetermined by the template chosen for the purpose and (ii) complex nanostructures such as nanobarcodes (segmented nanowires with precise control of the composition along the length) can be fabricated with relative ease. On the other hand, template assisted methods suffer from the inherent drawback of being inherently a two-step process that involves the fabrication of high quality templates and subsequent deposition of magnetic material within the template. While several templates such as anodic aluminium oxide (AAO) and highly oriented pyrolytic graphite (HOPG) are commercially available, the choices (diameter of the pores, thickness, uniformity) are rather limited forcing in-house fabrication of the templates. The readers are referred to elsewhere for a comprehensive discussion of various template assisted nanofabrication methods. [46] [47] [48] In the following discussion, we highlight few important recent developments in the template-assisted fabrication of complex magnetic nanostructures.
There have been numerous demonstrations of magnetic nanowires deposited using anodic alumina oxide as the so-called hard template. [49] [50] [51] Mirkin and co-workers have fabricated nanobarcodes (segmented nanorods) comprised of various magnetic and non-magnetic (metals and polymers) components. 52 In a recent study, Bangar et al. have fabricated multicomponent nanowires comprised of gold, nickel and polypyrrole. 53 Fig . 5 shows the general strategy for the fabrication of such multi-segmented nanorods, which involves the deposition of a thin seed gold layer (sputtered or thermally evaporated) on one of the surfaces of the anodic alumina template. Subsequently, the material of interest is electrodeposited into the pores. In the case of segmented nanowires (barcodes), the electrodeposition (electrochemical polymerization) of the material is ceased at a precise length followed by the deposition of the subsequent metal or polymer. Finally, the gold seed layer is mechanically removed and the nanobarcodes are freed from the template by dissolving the template using basic solution (typically aqueous NaOH or KOH). The so formed nanowires can be functionalized and reassembled for various applications.
Highly oriented pyrolytic graphite (HOPG) was introduced by Penner and co-workers as a different class of template for the fabrication of highly oriented metal (Au, Ag, Cu, Pd, Ni) and metal oxide (MoO 2 ) nanowires. 54, 55 The technique involves the electrodeposition of metal nanoparticles, which eventually fuse to form metal nanowires, at the step edges of HOPG. [56] [57] [58] The preferential nucleation of the nanoparticles at the step edges is favored owing to the extremely low surface energy of the basal plane of graphite and relatively high activity of the step edges (which act as nucleation defects and also catalyze the electron transfer to metal ions form solution). Fig. 6 shows the general strategy involved in the fabrication of metal nanowires using HOPG template and SEM image of Ni nanowires fabricated using this approach. Nickel nanowires of different diameters were synthesized by this technique by controlling the deposition time.
59
Bioengineering approaches involving biomolecules as templates for the fabrication of magnetic nanostructures with well-defined size have been pioneered and extensively investigated by Mann's group. The technique involves in demetallizing iron storage protein, ferritin, followed by remineralization of the desired species in the self-assembled polypeptide shell. The polypeptide shell acts as a template, which determines the size of the nanostructures mineralized within the cage. Numerous materials such as uranium oxide, manganese oxide, and cadmium sulfide have been mineralized forming bio-inorganic composites. [60] [61] [62] Magnetic materials such as maghemite and magnetite have been mineralized within the protein cage to result in so-called magnetoferritins.
In a refined approach, which was subsequently adapted by others, magnetoferritin was synthesized by performing the remineralization process under anaerobic conditions in the presence of stoichiometric amounts of oxidant. 63, 64 The process enabled the minimization of the formation of nonmagnetic ferric oxides such as ferrihydrite. Moreover, the reaction involved in a series of cycles of incremental additions of Fe(II) followed by oxidant, which enabled specific nucleation of the magnetic phase within the protein cavity and minimization of precipitation in bulk solution. The resulting material is a dispersion that can be treated as a bioinorganic ferrofluid with significant potential as a biocompatible magnetic resonance contrast agent.
Assembly of magnetic nanostructures
Self-assembly is a thermodynamically driven process of organization of structural units (building blocks) such as atoms, molecules or nanoparticles into bigger arrays, which may have complex shape and are stabilized against destructive thermal fluctuations via nanoscale forces of interaction inherent to the system. [65] [66] [67] [68] [69] Self-assembly process can be in many cases stimulated by application of a nanostructured surface (template) or external fields (field-directed or field-assisted assembly).
11,27,70-76
The field (or a combination of several fields) is used in this case to guide the self-organization process and provide a control over the ultimate structures that form, including their dimensionality, anisotropy, and defect density. Self-assembly is at the heart of the so-called ''bottom up'' nanofabrication approach, which is widely used in the modern nanoscience and nanotechnology. 
Interaction between magnetic nanoparticles and their selfassembly from dispersions
As discussed above, the dominant contribution to interactions between magnetic nanoparticles and the main driving force for self-assembly in nanomagnetic systems originates from magnetostatic dipole-dipole interaction. The dipole-dipole energy of interaction between two nanoparticles with magnetic dipole moments m 1 and m 2 is in this case the work required to bring these two particles from infinity to a finite separation, r :10
where r is the vector connecting particle 1 and 2 andr denotes the unit vector parallel to it. Or, otherwise, for one nanoparticle in external magnetic field H: U m ¼ Àm 0 mH. The force acting on this nanoparticle is described as a gradient of the energy:
The magnetic field can be also created by neighboring nanoparticles. For spherical particles with spatially homogeneous magnetization, m, and radius a, this field is given as:
Essential for magnetic dipole-dipole interactions is that they are directional. Also they can be attractive or repulsive depending on the relative orientation of the dipoles in space. As shown in Fig. 3 , parallel (or ''in line'') positioning of the dipoles leads to attractive interaction while so-called antiparallel arrangement of the same dipoles produces repulsion between them. The magnitude of the interaction for parallel alignment is twice higher in comparison to the antiparallel one (Àm 2 /2pm 0 r 3 versus Àm 2 / 4pm 0 r 3 in accordance to eqn (3)). The energy of interaction scales linearly with the volume of the particle and therefore may be too weak to induce self-assembly for very small nanoparticles. The estimates show that, for example, for iron oxide particles smaller than $7 nm this energy became smaller than kT, and therefore, arrangement caused by magnetic interactions will be randomized by their Brownian motion.
As can be seen from eqn (4), for relatively large particles with fixed magnetic moments the dipole-dipole interactions are longranged and decay with the distance between them as r À3 . If nanoparticles are in superparamagnetic state, the dipole-dipole interactions are weaker and scale with the distance as r
À6
(so-called Keesom interactions):
Fig. 3B demonstrates transition from strongly correlated in-line regime of interaction to r À6 dependence for decoherent dipoles when the dipole energy falls below $6 kT in the case of superparamagnetic particles.
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There are two trends in self-assembly process which appear in the case of application of the external magnetic field: first, the external magnetic field may induce formation of nanoparticle arrays even for very small particles which normally (without such field) would not easily aggregate. 79, 80 Secondly, oriented anisotropic structures (for example, string phases oriented with respect to the field) are formed. It was even shown that such field-assisted self-assembly process may be reversible. If the characteristic dipole energy of the nanoparticles is within the range of $2 kT to $8 kT they can be assembled and disassembled on demand through the application or removal of an applied magnetic field 79 (a similar effect provides the basis for magneto-rheological fluids).
81
In addition to magnetic interactions, some other interactions have to be included into consideration for magnetic nanoparticles. These may include the van der Waals attraction between metallic cores and the repulsive forces from the surfactant chains. Van der Waals forces become increasingly important with decreasing the particle size. Even a simple consideration of spherical particles coated with a SAM monolayer or any nonmagnetic (defect) layer of the thickness, d, leads to such conclusion. The surface defect layer prevents the magnetic cores from touching each other; they are at least separated with a distance of $2d. In accordance to Derjaguin approximation, which is valid when d is much smaller than the particle diameter,
27 the magnitude of the van der Waals energy is U vdW z ÀAa/24d (where A is Hammaker constant of the material in the presence of the surrounding media) and scales linearly with the particle's radius. On the other hand, the magnetic dipolar interaction energy is proportional to the particle's volume:
. Therefore, van der Walls interactions will dominate for sufficiently small particles and small inter-particle distances, while magnetic interactions are long-range ones and will play a crucial role on the early stages of self-assembly from liquid dispersions and in the presence of the external magnetic field. For example, as discussed in ref. 79 , aggregation of 10 nm g-Fe 2 O 3 (magnetite) nanoparticles in the absence of the external magnetic field can be attributed mainly to van der Walls interaction between the particles, while the magnetic interactions will dominate and will govern the self-assembly process in this system in the presence of a strong external magnetic field of the order 0.6 T.
79
Magnetic dipole-dipole interactions are essentially directional in nature. Due to this reason the types of self-assembled nanostructures formed by spherical magnetic colloids are far richer than those which are driven by all-attractive, spherically symmetric potentials of van der Walls interactions. The dipolar attraction is the strongest if the dipoles are put ''in-line'' configuration, which promotes the nanomagnets to assemble into linear chains [82] [83] [84] [85] or ring structures 86,87 from dilute solutions. The type of the morphology depends on the magnetic interaction energy in comparison to the thermal fluctuations. As demonstrated in ref. 88 , 12 nm iron particles coated with polyisobutene form ''string'' phases due to relatively high inter-particle interaction energy: m 2 /16pm 0 a 3 z 15 kT. The same but smaller particles (10 nm in diameter) do not exhibit such structures because their energy of interaction is about one third of this value. When the particle size is increasing this leads to further increase in the magnitude of the dipolar interactions. As a result of this, the linear chains start to branch and finally a percolative, gel-like network evolves. 89, 90 Even stronger dipolar interactions can be induced via application of the external magnetic field. This results in self-organization of the nanoparticles into superlattices characterized by body-centered tetragonal (bct) structures. Such superlattices have been both predicted by simulations 91 and observed experimentally. 89 During any fabrication procedure the magnetic particulate system undergoes some drying procedure. This brings additional complication as the nanoparticles can adsorb on the liquid-solid (or, sometimes, liquid-air) interface. In the former situation relatively strong attractive capillary forces arise in the menisci of the liquid between nanoparticles and can significantly modify the final morphology of the self-assembled film. In the latter case, surface tension of the liquid may have a dramatic influence on the arrangement of the nanoparticles.
Finally, spin-exchange interactions cannot be completely excluded especially in the case of existing of an intimate contact between densely packed nanoparticles. Hypothetically, such condition may be achieved on a final stage of the self-assembly process for regular arrays of monodisperse nanoparticles, or nanoparticles embedded into ferromagnetic matrix or attached to a ferromagnetic substrate. Generally, such situation is precluded due to the existence of a metal oxide or organic ligand shell interrupting (decoupling) exchange interactions between spins of the neighboring particles. However, thermal treatments (high temperature annealing) may lead to decomposition of the organic shell or/and sintering between the nanoparticles, therefore, increasing this type of magnetic interaction in the system.
Self-assembly on solid surfaces
Several strategies have been demonstrated for the assembly of magnetic nanostructures (Fig. 7) . The relatively strong dipole forces between the magnetic nanostructures favor their selfassembly into functional superstructures (e.g. linear and branched chains, close packed arrays). More importantly, the assembly is a reversible process when performed in solution (ferrofluids) enabling reversible tuning of the properties between strongly and weakly interacting regimes. 92 Perceivably, external magnetic field induced assembly of magnetic nanostructures has been extensively investigated. The assembly of nanomagnetic structures into macroscopic domains by self-organization has attracted significant attention which offers considerable advantages over the conventional lithographic processes.
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Formation of nanostructured magnetic systems in the bottom up approach is also possible through gas phase or solution phase cluster-assembly. This topic is beyond the scope of the present review. The interested readers can be referred to one of recent reviews by Bansmann et al. 97 It was demonstrated that magnetic properties of clusters of ferromagnetic atoms are practically the same as those of magnetic nanoparticles.
98
Biological systems provide excellent examples of self-assembly of magnetic nanoparticles enabling unique sense of direction with respect to geo-magnetic field. Chains of 40-100 nm magnetite nanoparticles were observed in magnetotactic bacteria. The chain-like assembly of the particles causes a permanent magnetic dipole which is critical for their orientation. 99 There are numerous reports describing the spontaneous assembly of ferromagnetic nanoparticles into linear and branched chains. [100] [101] [102] In the following discussion, we will highlight several important examples where self-assembly of magnetic nanostructures is induced by external magnetic field.
Pileni and co-workers have discussed the forces involved in the assembly of magnetic nanoparticles into chains in the presence of external magnetic field. 79 The two important forces which govern the assembly of nanoparticles are the short range van der Waals interactions and long range magnetic dipole interactions. The authors noted that the morphology of the nanoparticles assembly (belt-like or chain-like vs. random) is determined by the nanocrystal contact distances (Fig. 8) . 103 Maghemite particles coated with organic ligands of different lengths (yielding different contact distances) were employed to demonstrate the transition between formation of random aggregates and chainlike structures. In particular, they have employed octanoic (C 7 H 15 COOH) and dodecanoic (C 11 H 23 COOH) acids as the organic ligands of different lengths. While dodecanoic acid coated particles exhibited random aggregation in the presence and absence of external magnetic field, octanoic acid coated particles exhibited random aggregation in the absence of external magnetic field and chain-like aggregation in the presence of external magnetic field. The authors concluded that the weak dipolar forces between the magnetic nanoparticles are insufficient to drive the self-assembly process while the van der Waals interactions when the contact distance is small (i.e. in the case of octanoic acid ligand), the clusters of nanoparticles are formed during solvent evaporation. The clusters, which exhibit large dipole moments, eventually organize into chain-like structures.
Singamaneni and Bliznyuk have observed the formation of chains of Ni nanoparticles as the nanoparticles solution was evaporated on silicon surface in the presence of an external magnetic field. 44, 26 Casting the Ni nanoparticle solution in the presence of the magnetic field and subsequent solvent evaporation resulted in the spontaneous assembly of the nanoparticles into interconnected network of nanochains. It is worth noting that the absence of magnetic field during the casting and solvent evaporation resulted in isolated particles randomly distributed on the surface with no signs of aggregation. When the solvent evaporation was done in the presence of magnetic field, a size discriminative self-assembly of the particles into chains was observed. Atomic force microscopy (AFM) image in Fig. 9A shows the branched network of chains of nanoparticles with an average length of the chain between 2 and 3 mm. A careful observation of the image also shows that all the elongated wirelike structures are actually granular in nature comprising of the individual nanoparticles (inset of Fig. 9A ).
The assembly of the nanoparticles was also performed on HOPG template with atomic step edges, which can effectively act as physical confinements directing the assembly of nanochains. Fig. 9B shows a typical AFM micrograph of the nickel nanoparticles self-assembled on the surface of HOPG forming chains. It can be observed that the chains are rather straight and continuous compared to those formed on silicon substrate. It can be inferred that the nanochains follow the atomic dislocations or the so-called atomic step edges on the surface of HOPG formed during cleaving process. HOPG with atomic steps, typically 0.3-2 nm in height, acts as an excellent template resulting in a directed self-assembly or template-assisted assembly of the magnetic nanoparticles. Template-assisted assembly of magnetic nanostructures is an important technique for assembly of nanostructures, which is discussed in Section 3.3.
Conversion of cobalt nanostructure to plasmonic (noble metals) nanostructures using galvanic replacement following their magnetic field induced assembly has been demonstrated by Zeng and co-workers. 104 In their approach, fabrication of chains of cobalt nanostructures was achieved by applying external magnetic field during the chemical synthesis of cobalt nanostructures. The chain structure was preserved during subsequent galvanic replacement causing chains of plasmonic nanostructures. The length of the chains of the plasmonic nanostructure governs the surface plasmon resonance of the nanoparticles chains. It was demonstrated the SPR peak could be tuned over a broad range ($300 nm) by controlling the strength of the external magnetic field applied during the synthesis of the cobalt nanostructures.
Guided and template-assisted assembly
As discussed above, template assisted fabrication of nanostructures is an attractive technique for the fabrication of magnetic nanostructures. Apart from the control over the size, shape and composition of the nanostructures, the template assisted fabrication allows the synthesis of pre-assembled structures, for example, vertically aligned nanorods in the case of AAO and parallel arrays of nanowires in the case of HOPG templates. Physical and chemical templates can also be employed to assemble chemically synthesized magnetic nanostructures from solution. The templates can be grown by both top-down (e.g. lithographic approaches to form periodic pits, pores, grooves, posts) and bottom-up (e.g. self-assembly of block copolymers) approaches. Below we discuss some recent examples involving the assembly of magnetic nanostructures using template-assisted approach.
Park and co-workers have demonstrated a universal approach for the assembly of wide variety of nanostructures (magnetic, noble metals and semiconducting) into chains. 105 Their approach relies on using mussel-inspired polymeric template for the assembly of the nanostructures into chains. More specifically, an anionic glycosaminoglycan, hyaluronic acid (HA), was used as a macromolecular template, and catechol (with enediol functional group), which serves as adherent species, was chemically introduced onto the backbone of the HA. The bioinspired macromolecular template, enabled the assembly of magnetic nanoparticles into chains. Fig. 10A shows the TEM image of Fe 3 O 4 nanoparticles assembled into chains. The authors employed vibrating-sample-magnetometer to reveal a significant increase in the coercivity of the assembled Fe 3 O 4 nanoparticles from 35.2 Oe to 48.7 Oe due to the coupling of magnetic dipole moments along the chain of Fe 3 O 4 nanoparticles (see Fig. 10B ). It was also demonstrated that the length of the chain assembly could be tuned using hyaluronic acid-graft-catechol templates with various contour lengths.
Sibener et al. have reported the assembly of FePt nanoparticles using phase separated block copolymers as physical template.
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It is known that block copolymers phase separate into wide variety of patterns with nanoscale periodic structures. They used polystyrene (PS)/poly(methyl methacrylate) (PMMA): PS-b-PMMA diblock-copolymer thin film, which was irradiated with vacuum ultraviolet light to selectively etch PMMA domains at the surface to selectively etch the PMMA cylinders. Etching the PMMA domains resulted in periodic grooves in the polymer film. The corrugated film was used as a template for the self-assembly of oleic acid-capped FePt nanocrystals. It was found that the FePt nanoparticles selectively adsorb (nearly 100%) within the photochemically created nanoscopic channels.
Yet another method of assembling magnetic nanoparticles using block-copolymers as template was demonstrated by Takahashi and co-workers. 107 They have shown the self-assembly of magnetic nanoparticles by combining chemically synthesized Fe 3 O 4 nanoparticles with a diblock copolymer comprised of PS and PMMA. The block copolymer based upon its composition self-assembled to form periodic array of PS dots in PMMA matrix. Volume fraction of the Fe 3 O 4 suspending solution and the withdrawal speed of the template exhibited a dramatic influence on the formation of array of magnetic nanostructures. It was found that periodic array of magnetic nanostructures with one or multiple nanoparticles adhered to the PS domain was possible for small volume fraction of the nanoparticles and low withdrawal speed. Specifically, below a withdrawal speed of 0.5 mm s À1 and a nanoparticle volume fraction of less than 0.01 vol%, the selective deposition of one to several nanoparticles on every single PS dot was observed.
Cobalt nanoparticle arrays were formed by annealing Co film deposited on topographically patterned silicon substrates.
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Upon annealing the Co film, the film dewetted to form Co nanoparticle which self-assembles obeying the physical confinement of the substrate. The Si surface was pre-patterned with an array of 200 nm period pits, which host one Co nanoparticle upon annealing 15 nm thick Co film at 850 C. The authors noted that the Co nanoparticle size and uniformity are governed by the initial film thickness, annealing temperature, and template geometry. In a related method, which involved laser annealing, dewetting of 5 nm film gave one particle per cavity. It is also interesting to note that the Co nanoparticles were comprised of predominantly twinned fcc crystals with weak magnetic anisotropy although the pristine Co films exhibited a mixture of hcp and fcc phases.
Layer by layer assembly
Yet another important approach for realizing highly organized (or vertically stratified) magnetic nanostructures is using layer by layer (LbL) assembly. LbL assembly involves alternate adsorption of the complementary species with specific interaction such as electrostatic, hydrogen bonding or biorecognition. LbL has View Article Online been extensively applied in the fabrication for the polyelectrolyte multilayers involving electrostatic interactions between alternating cationic and anionic polyelectrolytes. 109 Apart from pure polymeric components, numerous nanostructured materials such as metal nanostructures, semi-conducting quantum dots, carbon nanotubes, inorganic clays have been successfully incorporated to realize multi-functional materials. Of particular interest in the context of present review is the incorporation of magnetic nanostructures into LbL assembled polymer composites and LbL approach as directly applied to magnetic nanoparticles.
In one of the early studies, Kotov and co-workers have demonstrated the incorporation of naked and silica coated Fe 3 O 4 nanoparticles into polyelectrolyte multilayers assembled on flexible plastic substrates. 110 The multilayers were comprised of poly(diallyldimethylammonium bromide) (PDDA) and Fe 3 O 4 nanoparticles. The multilayered films exhibited excellent mechanical properties and adhesion to the substrate with no signs of cracks or delamination even under large strains. The authors noted that apart from the relative simplicity such multilayered magnetic nanoparticle films offer unique advantages compared to magnetic layers obtained using vacuum deposition methods in that the technique provides a much better control over the structure of individual grains. Furthermore, the authors also demonstrated a drastic reduction of the cooperative magnetization switching between adjacent magnetic nanoparticles due to the presence of the insulating silica shell. Such organic/inorganic non-magnetic layers acting as precise spacer between the magnetic nanoparticles can be employed to fine-tune the inter-particle or inter-layer magnetic interaction.
Using a similar approach, Lvov and co-workers have fabricated multi-functional microcantilevers based on multilayered nanocomposite.
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The multilayered nanocomposite was comprised of PDDA, nanoclay (montmorillonite) and magnetite nanoparticles. While the PDDA and nanoclay provide the structural integrity, the magnetic nanoparticles in the nanocomposite enabled the release of the patterned nanocomposite layer from the substrate resulting in free standing cantilever. In a different approach, LbL has been used directly to assemble Fe 3 O 4 nanoparticles. 112 Assembly of nanostructures was achieved by a combination of electrostatic (capped with different ligands providing opposite surface charge) and magnetic interactions (external magnetic field during adsorption). The effect of the external magnetic field on assembly of nanoparticles was evidenced by increased electronic absorption in the case of external magnetic field-assisted films. Magnetic force microscopy was also employed to reveal the higher degree of ordering in such nanoparticle superstructures compared to those assembled using only electrostatic interactions.
Morphological features of self-assembled arrays of magnetic nanoparticles
Highly directional magnetostatic dipole-dipole interactions cause formation of characteristic 1D nanostructures-nanochains already in nanoparticle dispersion. Such dipolar chains were predicted by Monte Carlo simulations. [113] [114] [115] When the nanoparticles are transferred onto a solid substrate from such dispersions two basic morphologies are possible: nanochains and nanorings (Fig. 11) . 116 The latter type of the morphology is often considered to be a result of degradation of the dipolar chains. Formation of nanochains of ferromagnetic and superparamagnetic nanoparticles on solid substrates or directly in liquid dispersions was experimentally observed by many authors. 86, 102, [117] [118] [119] [120] The particles under study had very different nature: magnetite, cobalt, nickel, Ni-Co alloys, core-shell structures like silica or polymer coated ferromagnets. Interestingly enough similar nanostructures where observed in materials traditionally considered to be nonmagnetic (Ag, Au). 119 Chu et al. reported on the genesis of the nanostructure growth during fabrication of films via casting of nanoparticle dispersions on a solid substrate following by solvent evaporation.
121 Variation of the initial concentration of the dispersion caused dramatic changes of the final nano-architecture. When the magnetic nanoparticle concentration was low several micron long straight rods were formed. Increase of the concentration promoted formation well-ordered nanostructures-snowflake fractals (Fig. 12) . The authors believe that both magnetostatic interactions between Fe 3 O 4 cores and van der Waals interactions between capping molecules (vinyl pyrrolidone or oleic acid) were responsible for the final dendritic structures. Different nanostructures were also observed depending on the temperature of solvent evaporation. Application of an elevated temperature (above 150 C) promoted formation of the nanostructures while when the temperature was below this value no highly branched nanostructures could be formed.
In another study, silica shell was created on weak magnetic iron oxide nanoparticles via sol-gel technology. 122 The thickness of the silica shell was controlled (from 14 to 32 nm with the magnetic core size of $78 nm) during the synthesis by varying the concentration of silica precursor-tetraethylorthosilicate (TEOS). Therefore the degree of magnetostatic interaction was varied. Transmission electron microscopy revealed that magnetic nanoparticles are regularly embedded in the continuous silica shells which are formed along one-dimensional wires. The observed wormlike morphology of the nanostructures demonstrated that the weakly ferromagnetic nanoparticles selfassemble into 1D particle chains already in the dispersion (Fig. 13) . The authors concluded that formation of such chains was due to magnetic dipolar interaction between the weakly ferromagnetic nanoparticles, which favored their head-to-tail orientation.
Variation of the observed morphology was studied depending on the preparation conditions. Particularly, the amplitude of ultra-sonication applied for better dispersion of the nanoparticles had great impact on the morphology of the resultant products. As the amplitude of ultra-sonication increased from 20% to 40% and then 60%, long and highly branched wires became progressively shorter and without branching. In addition more isotropic shorter chains were formed during self-assembly without application of an external magnetic field while highly anisotropic (along the field) longer chains were formed if the magnetic field was applied.
Ozdemir et al. studied self-assembly of magnetic Fe 3 O 4 nanoparticles with an average size of 6 nm under an influence of enhanced magnetic force. 123 The authors reported on formation of unique micrometre-sized morphologies achieved in the route of self-organization of sub-micrometre size magnetic beads having metallic nanoparticles imbedded into a polymer matrix. Some exotic nanostructures were formed in the presence of the external magnetic field on a patterned solid surface upon solvent evaporation. The authors claim that the combined effect of magnetic field and evaporation rate might help the control of nanoparticle behavior on surfaces and interfaces in constructing of hierarchical supramolecular structures (Fig. 14) .
Influence of alternating magnetic field on the morphology of self-assembled magnetic nanoparticles was reported in ref. 124 . Fe 3 O 4 nanoparticles with the diameter of 10-11 nm were in superparamagnetic state at room temperature. In the absence of any magnetic field, nanoparticles formed amorphous aggregates on a solid substrate after solvent evaporation. On contrary, fibrous assemblies were formed when 50 Hz alternating magnetic field was applied either in plane of the film or along the substrate normal during solvent evaporation. In the case of the field vector applied normal to the film surface the width of the assemblies decreased from $2 mm to $1 mm and their length increased from 34 mm to more than 70 mm when the field strength increased from 10 to 72 kA m
À1
. When the alternating magnetic field was applied parallel to the film surface very long ($250 mm) chains were formed, and both the length and the width of aggregates were increasing with the field strength (Fig. 15) . The difference in morphology is explained by the authors by different arrangements of the magnetic dipole moments in neighboring nanoparticles constituting the chains: in-plane magnetic field promoted head-to-tail assembly of the dipoles, while perpendicular field caused the same dipoles to obey more energetically favorable anti-parallel arrangement.
More regular 2D supercrystals are formed with smaller nanoparticle of magnetic materials. Krishnan et al. have systematically studied self-assembly behavior of Co nanoparticles with the size slightly below or slightly above the superparamagnetic limit D sp depending on particle size and shape (spheres or disks).
9 Because of very small particle size magnetostatic interactions were weak and comparable with other interactions. Therefore a combination of competing weak forces (steric, van der Waals, entropy and magnetostatic) governed the self-assembly process and determined the resulting structural organization in the system. The authors demonstrated the possibility of directed formation of regular 2D crystals with square or hexagonal close packing.
125 A 2D arrangement with a square unit cell was observed for smaller nanoparticles (Fig. 16A ). This behavior of nanoparticles can be understood as an arrangement, which corresponds to minimized steric repulsive forces between the surfactant molecules on their surface. The nanoparticles were coated with an organic surfactant monolayer due to the applied synthetic procedure. Because of small particle size ($5 nm) the fraction of surface atoms constitute almost 50% of the total Co atoms and therefore, the interaction of the surfactant chain on the surface significantly affects the organization behavior of these nanoparticles. As the particle size increased, the contribution from the surface atoms becomes less dominating. This leads to a hard-sphere type behavior and 2D square lattice is replaced with more closely packed 2D hexagonal arrangement (Fig. 16A) . When two different sizes of Co nanoparticles were mixed to give a bimodal-size distribution interesting new nanostructures with a superlattice of bigger particles each of them surrounded with several smaller ones have been observed. The formation of such structure can be driven by entropy forces. A preferential wetting of the surface by the larger particles leads to a depletion zone around them, which can be occupied by smaller size particles as has been theoretically predicted for soft materials. 126 When the particle size increases over D sp limit (10 nm for Co), the magnetostatic interactions dominate the self-assembly process. Therefore, linear chains or loops are formed instead of regular 2D arrays.
For non-spherical nano-disk shapes, liquid-crystal-like arrays with increased orientation order as a function of concentration were observed (Fig. 16B) . Such arrangement of nanoparticles is driven by strong hydrophobic interaction between surfactant tails. Nanodisks are prone to stack face to face in order to maximize contact between the surfactant tails. Such face to face placement of anisotropic shape nanoparticles along chains (with presumably anti-parallel arrangement of neighboring magnetic dipole moments) is favorable also from the viewpoint of magnetostatic energy minimization.
3D self-assembly is also possible in a similar fashion. The general requirement to the nanoparticles is their relatively small size (and therefore stronger coupling between spins) and narrow size distribution. Pileni and co-workers have made a pioneering study in the field. Depending on the preparation conditions longrange order 2D or 3D supra-crystals with face-centered cubic (fcc) symmetry or disordered aggregates were fabricated from 7.5 nm Co nanoparticles. [127] [128] [129] The 3D assemblies with the mesoscopic order (intermediate between the atomic level and the bulk state) have the potential to exhibit many interesting new properties. HOPG was used as template in these studies. To form the disordered amorphous-like assemblies the solvent (hexane) evaporation was performed relatively fast (12 hours) under a nitrogen flow saturated with hexane at 7 C. The ordered structures were obtained when the solvent evaporation took place at room temperature under nitrogen in almost completely isolated system saturated with hexane such that evaporation took in total 72 hours.
Narrow-size distribution magnetic nanoparticle can be grown with application of bioengineering approach 64, 130 when apoferritin, a cage-like protein, is applied as a temporary template. Because of high size uniformity the Fe 3 O 4 -g-Fe 2 O 3 nanoparticles grown by this approach can easily self-assemble into large (hundreds of micrometre size) mesoscopic three-dimensional (3D) face-centered cubic (fcc) crystals (Fig. 17) . In such crystals nanoparticles are acting as the crystal's ''atoms'' giving the material unique ferromagnetic properties. [130] [131] [132] In more concentrated magnetic nanocrystal systems, exchange interactions are induced which have a significant effect on the magnetic behavior. It has been shown that these interactions lead to spinglass-like behavior as observed in traditional ferromagnetic systems where magnetic atoms interact via long-range Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction forces.
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Magnetic properties of nanoparticle arrays
Magnetometry
Magnetic nanoparticle arrays fabricated through thin film deposition techniques, thin film self-assembly, or physical nanocluster deposition techniques have in common that they typically contain small amounts of magnetic materials resulting in a low total magnetic moment, respectively. 136 Hence, magnetic characterization can be a significant challenge. This holds in particular when integral methodologies of measurement are applied and signal contributions from substrate materials have to be taken into account. One has to remember that every material has some form of magnetic response. Even substrates free from magnetic impurities will have a diamagnetic field-induced signal which can easily dominate the sample signal of magnetic nanoparticles. For instance, a clean sapphire substrate has a diamagnetic, magnetic susceptibility at room temperature of about c ¼ À4.4 Â 10 À9 m 3 kg
À1
. 137 For a substrate of 0.5 mm thickness and a surface area of 25 mm 2 a field of 1 T gives rise to a negative field-induced magnetic moment exceeding absolute values of 2 Â 10 À5 emu ¼ 2 Â 10 À8 Am 2 . 138 While diamagnetic signals at constant temperature are linear in the applied field and correction of the data can be done rather easily, the situation becomes more complex when temperature dependent investigations are undertaken and the temperature dependence of the substrate signal has to be taken into account. The latter typically superimposes the potentially unknown temperature dependence of the sample magnetic moment.
With these issues in mind one can group the magnetic characterizations into two classes: those that are integral and include the substrate magnetic signal and those that are specific to just the contribution from the nanoparticles. Such specificity can be achieved by scanning probe methodologies or element specific spectroscopies such as X-ray magnetic circular and linear dichroism. Next we will focus on the integral methods which are far more frequently used and have the advantage that they are inherently quantitative methods.
Modern integral magnetometry methodologies exploit ac and dc approaches. Extensively used today are vibrating sample magnetometers and, with increasing popularity, superconducting quantum interference devices (SQUID). 139, 140 The latter show the highest sensitivity by taking advantage of the steep View Article Online characteristics of the penetrating magnetic flux vs. external magnetic flux applied to the superconducting ring which is the center piece of the SQUID magnetometer. Here the field induced supercurrent has to tunnel through a weak link in accordance with the DC Josephson effect thus creating the superior sensitivity on flux changes caused by the stray-field of the sample. 142 Modern SQUIDs such as the commercial MPMS (Quantum Design) provide push-button and state-ofthe-art temperature and magnetic field control.
143 Recently, the technological boundaries of SQUID magnetometry have been pushed further motivated by the application for measurements on nanoscale magnets where not only sensitivity is of importance but at the same time high gain, wide bandwidth and low backaction are desirable. 144 
SQUID magnetometry in magnetic nanoparticle characterization
Integral SQUID magnetometry has been extensively used for the magnetic characterization of magnetic nanoparticles and most likely will continue so in the future. Fig. 18 shows a prototypical magnetometric investigation of nearly interaction free g-Fe 2 O 3 nanoparticles which have been randomly dispersed in a polystyrene matrix. 142 The particles were produced by a synthetic strategy, more specifically, via thermal decomposition of metal carbonyls in the presence of appropriate surfactants. 82, 145, 146 The procedure is known to result in highly uniform nanoparticles. The individual particles in these 3D samples have a mean diameter of 11.6 nm. The Fig. 18a-c show the temperature dependence of the magnetic moment, m, after zero-field cooling (ZFC) the sample and measuring the temperature dependent magnetic moment, m vs. T, on field heating (FH) in an applied field of 25 mT. The subsequent field-cooling curve (FC), splits off from the ZFC/FH branch at the blocking temperature as outlined in Section 1 where the mechanism of superparamagnetic blocking has been introduced in detail. The samples creating the m vs. T data shown in Fig. 18 142 From measurements like these ZFC/FH and FC m vs. T curves together with magnetic isothermal m vs. H measurements and the investigation of thermoremanent magnetization one can determine information such as the nanoparticle number, the moment per particle, and some qualitative estimates of the anisotropy energy which determines the blocking temperature of the nanoparticle ensemble.
Next we briefly outline how one can determine both particle number and moment per particle from isotherms m vs. H. For simplicity we assume nanoparticle ensembles with negligible magnetic anisotropy such that the classical limit of a Langevin description is an appropriate approximation, and a narrow particle size distribution such that each individual particle moment is in good approximation given by the distribution averaged value m 0 . We express the total magnetic moment as m In Fig. 18 we see that, qualitatively and despite the fact that the density of nanoparticles varies between samples (a), (b), and (c), the blocking temperature remains constant and the FC branch separates horizontally from the ZFC/FH branch. This FH/FCbehavior indicates in first approximation absence of particleparticle interaction. However, it is the strength of the ultra-precise SQUID methodology to detect even the smallest corrections to the idealized case of non-interacting magnetic nanoparticles. As outlined above, there is always some degree of interaction present. In the absence of exchange there must remain the long-range dipolar interaction in the hierarchy of magnetic interactions Ref. 142 outlines in detail how those extremely weak interactions give rise to small deviations from the classical Langevin-behavior. Moreover, the long-range nature of the dipolar interaction gives rise to subtle deviations from conventional extensive thermodynamics. Such deviations are of fundamental importance for progress in our understanding of thermodynamics and have been evidenced for the first time experimentally in magnetic nanoparticle ensembles with the help of scaling analysis. More generally, interactions in magnetic nanoparticle systems became a fascinating subject in recent years. Less exotic than the subtle effect of nonextensive thermodynamic behavior but intriguingly nevertheless is the fact that almost all types of magnetic long-range order and interaction-controlled phenomena known from atomic bulk systems have found a counterpart in magnetic nanoparticle systems where the atomic moments have been replaced by superspins. A pioneering work in this regard has been done on interacting ferromagnetic CoFenanoparticles embedded in a sapphire matrix in the form of discontinuous multilayers. 147 A series of interaction induced ordering phenomena from superspin glass to reentrant superferromagnetism has been reported. 147 Subsequent detailed investigations including dynamic ac susceptibility measurements as a function of temperature, frequency and field amplitude together with element specific imaging techniques such as X-ray photoemission electron microscopy (PEEM) and also magnetooptical Kerr microscopy were able to prove the existence of such long-range ordered states in superspin nanoparticle ensembles.
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Origins of the interaction between the nanoparticles are as diverse as the various forms of magnetic order and not always easy to discriminate. Likewise the identification of a long-range ordered phase is a subtle task as is its discrimination from local short range order. As an example for the latter, which can easily be confused with a domain state of a long range ordered thermodynamic equilibrium phase, serves the toy model of magnetostatically interacting compass needles on a square lattice with XY-degrees of freedom. The latter is often but misleadingly used to demonstrate ferromagnetic Weiss regions of spontaneous ferromagnetic order. The presence of short range ordered domains is, however, not sufficient to evidence spontaneous ferromagnetic order. Even more involved, the identification of a true thermodynamic superspin glass phase requires evidence via an arsenal of typical spin glass criteria such as spin glass dynamics with its characteristic slowing down on approaching the glass temperature, aging, re-juvenation and memory effects in order to make a convincing case.
Magnetic interactions, which are at the origin of magnetic order and equilibrium magnetic phase formation, range from the always present dipolar interaction discussed above over conventional quantum mechanical exchange for nanoparticles in close proximity to indirect exchange when the particles loose contact. RKKY-type interaction can be found when the particles are embedded in a conducting matrix and even exotic quantum tunneling mediated exchange has been reported. [150] [151] [152] [153] [154] [155] The investigation of the impact of dimension and symmetry of magnetic interaction on the universality of possible thermodynamic phase transitions is the domain of the theory of phase transitions and critical phenomena. 156, 157 Here, a breathtaking bulk of work has been produced with deep insights into the fundamental aspects of statistical physics. 158 In the case of interaction sufficiently short in range there are rigorous results one can rely on such as the celebrated Mermin-Wagner theorem predicting the absence of long-range order in the case of ferromagnetic or antiferromagnetic interaction in two dimensions for continuous Heisenberg symmetry in contrast to Onsager's celebrated proof of critical behavior in two dimensions in the case of Ising-symmetry.
159, 160 While there is rigorous ground for the case of short range interaction the situation is far more controversial and involved when long-range magnetostatic interactions are involved. 161 Here experiments play a leading role to allow further advances in theoretical insights.
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Micromagnetic simulations are an important tool to incorporate the effects of dipolar interaction into the theoretical interpretation. A sometime important detail can be found in the fact that magnetic nanoparticles cannot always considered to be perfect spheres with homogeneous magnetization. As a result, the approximation of the magnetic stray-field of a nanoparticle via an individual magnetic dipole may be an oversimplification and multipole effects can be of importance adding significant complexity to the already hard problem of long range magnetostatic interaction.
The magnetic structure of nanoparticles can be complex even for single domain particles. Nanoparticles often show a chemical core/shell structure with potential significant implications for their magnetic properties. The most prominent and frequently studied effect in core/shell magnetic nanoparticles is the presence of an antiferromagnetic shell of an otherwise ferromagnetic nanoparticle. Here the effect of exchange bias can be observed. In fact, it was in Co/CoO core-shell nanoparticles where Meiklejohn and Bean first discovered the exchange bias phenomenon. 163, 164 The latter core-shell structure forms naturally when exposing the ferromagnetic Co particles to atmosphere where a passivation shell of a few nm forms with antiferromagnetic properties. The antiferromagnetic shell acts as a magnetic pinning component for the ferromagnetic core which, as a result, experiences an exchange induced unidirectional anisotropy breaking the symmetry of the magnetization reversal with respect to the applied magnetic field. The dynamic hysteresis of the magnetic nanoparticle ensemble is therefore shifted along the magnetic field axis by the exchange bias field. At the same time the overall dynamic coercivity can be enhanced. Similarly, magnetic nano-precipitates, e.g., ferromagnetic nanodroplets and antiferromagnetic host matrix show these exchange bias effects with an additional typical exchange bias phenomenon known as training effect. 164, 165 Here the magnetization reversal of the nanodroplets triggers spin-configurational changes in the antiferromagnetic host matrix. The resulting successive reduction of the exchange bias field (training effect) has been successfully described through a discretized Landau-Khalatnikov relaxation approach.
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Magnetic force microscopy
Scanning probe microscopy, which includes a wide variety of techniques, involves a sharp probe (usually with nanoscale dimensions) which interacts with the substrate. Physical quantities such as force, current, capacitance, conductivity are employed to unveil the structure and/or properties of surface under investigation with unprecedented resolution.
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Magnetic force microscopy (MFM), which belongs to a broad category of scanning probe microscopy is similar to electrostatic force microscopy except that the tip interacts with the magnetic stray fields created by the magnetic domains of the sample, as opposed to the electrostatic surface potential. View Article Online stray magnetostatic field of the magnetic dipoles of the sample. 174, 175 As the magnetostatic interactions are long-range (similar to the electrostatic interactions), the magnetic imaging is performed between the probe and surface at a set distance, typically 20-50 nm, in a mode commonly referred to as lift-mode. Lift-mode involves a special raster scan where each line is scanned twice before the next line is scanned. In the first line scan, the topography is scanned in a conventional manner and surface profile is stored. Then the probe is lifted by a set amount (severaltens nanometres) and the probe retraces the previous topographic line scan. During the second line scan the cantilever deflection is monitored and used to create the MFM image. MFM has been widely employed to probe magnetic recording media and to image and record the magnetization of Co, Ni, and Fe magnetic micro-and nanostructures down to a single nanodot.
26,176-179
MFM has been extensively used to probe the magnetic microstructure and/or estimation of magnetic moment of a wide variety of magnetic materials including magnetic recording media, Co nanoparticles, Co nanowires iron nanoparticles, Ni-Cu barcodes, and magnetotactic bacteria.
176,178-181
Resolution of the magnetic force microscopy is dependent upon several factors such as size and shape of the tip, tip-sample distance, noise and sensitivity of the instrument. As in conventional imaging modes (contact mode and tapping mode imaging), the vertical resolution is governed by the ambient (electrical, mechanical and acoustic) noise, while the lateral resolution is governed by the above mentioned parameters. Tip sharpness is an extremely important factor, which governs the best lateral resolution that can be achieved with sharper probes enabling higher resolution. For larger tip-sample separations, the stray field experienced by the magnetic tip is small resulting in poor signal and hence poor lateral resolution. On the other hand, higher resolution can be achieved for small tip-sample separations (lift heights). It is also important to ensure sufficient lift-height to eliminate contribution from van der Waals interactions.
In a very recent study, Neves and co-workers have compared the response of lift mode MFM to non-magnetic and magnetic nanoparticles.
182 Interestingly, the authors noted magnetic tip response (phase shift) that might be mistaken for a magnetic interaction from even non-magnetic nanoparticles. They noted that such a response is inherent to MFM technique and therefore could also be detected from individual superparamagnetic nanoparticles with diameter <10 nm, whose field is too weak to be detected. Positive phase shifts, which are indicative of repulsive interactions were observed in the case of the non-magnetic interactions. On the other hand, in the case of magnetic nanoparticles, mostly negative phase shifts were observed at the center of the particles while positive responses only at the edges. The authors noted that the difference in phase shift response can be used to characterize the nature of the interactions, and thus the magnetic properties of the surface features. Their study also clearly underscores that with careful analysis of the MFM images, it can clearly discriminate between magnetic and nonmagnetic nanoparticles. The ability to identify magnetic nanoparticles is extremely useful for studying complex nanoparticles assemblies comprised of magnetic and non-magnetic species.
Dipolar forces between the magnetic nanoparticles also affect the observed features in the MFM images. Puntes and co-workers have investigated the magnetic microstructure of different assemblies of cobalt nanoparticles using MFM and magnetometric measurements. 183 From their measurements, they have noted that when the areal density of nanoparticles is higher than certain threshold, the 2D assembly behaves like a continuous ferromagnetic thin film. The assembly is characterized by correlated areas (nearly ten particles in diameter), which are similar to domains, of parallel magnetization. Fig. 19 shows the topography and MFM image of a densely packed monolayer of Co nanoparticles (12 nm in diameter). While the topography image clearly reveals the dense packed nanoparticles, the MFM image exhibits large circular domain structures (100-300 nm wide) with alternating contrast. The lighter domains represent the areas of tip-sample repulsion while the darker regions correspond to the attractive interactions. This magnetic percolation (larger domains) was found to be mediated by dipolar interactions and the authors concluded that the magnetic microstructure, its distribution and stability strongly depends on the topological distribution of the dipoles. In the case of 3D assemblies, the magnetic microstructure was found to be less stable with the consecutive MFM images in the same locations varying with each cycle.
One of the important advantages of MFM technique (compared to Lorentz electron microscopy or spin polarized scanning tunneling microscopy) is that it can be employed to probe the magnetic microstructure of magnetic structures covered with a thin layer of non-magnetic material. Sun et al. have described the polymer-mediated assembly of FePt nanoparticles using PVP and PEI polymers. 184 The assembly process involved the exchange of oleic acid/oleyl amine around the magnetic nanoparticles with a functional polymer that is previously deposited on a substrate. Fig. 20 shows the topography and the corresponding MFM image of a three-layer 4 nm Fe 58 Pt 42 assembly treated with a pulsed laser under a perpendicular magnetic field (2.5 kOe). The AFM image shows that the smooth FePt nanoparticle assembly is intact after the laser treatment. The dark spots in MFM image indicate the magnetization pointing to the out of the particle assembly plane.
Bliznyuk and co-workers have employed MFM to probe the magnetic ordering of the self-assembled Ni nanochains discussed in Section 2. 
View Article Online
shows the corresponding MFM image on a Ni nanochain sample. While the topography image demonstrates a granular nature of the chains, the MFM image reveals variation of the dipolar magnetic stray field along the chains with the most probable arrangement of magnetic moments perpendicular to the chain line. The authors noted that in the case of head-to-tail 'ferromagnetic type' (Fig. 21c ) arrangement of the magnetic moments within a nanochain, an attraction-repulsion interaction between the tip and the nanoparticles would reproduce exactly their topography image (higher interaction near nanoparticle centers and weaker interactions near inter-particle boundaries). In the case of anti-parallel antiferromagnetic type arrangement of magnetic moments along the chain of nanoparticles, more complex pattern is predicted. Because of relatively long-range forces of magnetic interactions, the AFM tip 'feels' neighboring particles (with orientation of the local magnetic field opposite to the magnetic field of the particle being probed at a given point of time). The strength of magnetic interaction between the tip and a nanoparticle is higher when the tip is located out of the center of particular particle (due to interaction with the neighboring particles) but weaker near the center and on the boundaries. This multi-particle interaction manifests itself as an appearance of a 'granular' structure ( Fig. 21b) , which is significantly different from AFM topography image (Fig. 21a) . In the suggested model (Fig. 21c ), each nanoparticle represents one small ferromagnetic domain (i.e. a domain with uniform orientation of the magnetic field of the magnetic moment). Therefore, the chains of Ni nanoparticles are one-dimensionally antiferromagnetically ordered. This conclusion was also supported by SQUID measurements.
6. Applications of self-assembled nanomagnetic systems
High density data storage
Applications of magnetic nanoparticles in general and selfassembled nanomagnetic systems in particular are plentiful ranging from promising medical applications to modern information technologies. The availability of ultra-high density magnetic data storage devices at low costs fuels to a large extent today's information age. The success of data storage technology is most evidently quantified in Moore's law which holds and has been originally formulated for integrated electronic circuits but is applicable with the same accuracy to data storage devices, most prominently for magnetic hard disk drives (HDD).
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The ever decreasing physical size of a magnetic bit in modern HDD gives rise to the fact that as long as the grain size is kept constant the number of individual magnetic grains within a magnetic bit is decreasing with increasing storage density. Grain boundaries give rise to fuzziness in the interface separating magnetic bits from each other and, hence, create noise during the read-out process. In addition to these geometrical fluctuations there can be fluctuations in the magnetic properties such as crystalline anisotropy and the corresponding orientation of the easy axis. All together such fluctuations give rise to what is known as transition jitter noise. As a consequence, the signal-tonoise ratio, which scales with the logarithm of grains per bit, becomes unfavorable when the number of grain boundaries per bit is so low that statistical averaging is no longer effective.
186 A possible solution is to avoid grain boundaries and statistical fluctuations within a magnetic bit all together and ultimately move to the storage of a single bit in an individual structure of well defined shape which simultaneously is magnetically single domain. Still more realistically today is the approach to reduce the grain size such that each grain with its fluctuating properties is replaced by a single domain nanoparticle with better defined shape and magnetic parameters while the magnetic bit contains a collection of identically magnetized nanoparticles. There are, however, numerous problems which accompany this approach and are understandable and addressable from the discussion of magnetic nanoparticles we made above.
A fundamental problem for magnetic data storage is the stability of the bit information when the area holding the physical information is scaled down in size. This is of particular relevance in longitudinal recording. Perpendicular media can help to overcome this problem when the reduction of the surface area of the bit is compensated for with volume gain in the depth of the film in combination with antiferromagnetic coupling schemes. 187, 188 As outlined prior to this chapter, at temperatures above the blocking temperature the magnetization in a magnetic single domain particle starts to rotate via thermal activation. As a result, the time-averaged magnetization is zero and, hence, the information stored in the bit which is encoded in the magnetization orientation is lost. The blocking temperature in turn is determined by the anisotropy energy which decreases linearly with decreasing particle volume. Consequently, there is an ongoing search in materials science for optimized anisotropy constants which are high enough to ensure stability of the magnetic bit for 10 years or more at room temperature and low enough to still allow for writing of the bit. 189 As a rule of thumb the anisotropy energy KV of the particle must be 60 times larger than the typical thermal energy k B T at room temperature to fulfill the 10 year stability criterion while the coercivity increases unfavorably with increasing anisotropy. For a single domain Stoner-Wohlfarth particle of saturation magnetization M s the coercive or switching field H s and the effective anisotropy K are related via H s ¼ 2K/M s . Conflicting demands of low enough switching field and high enough anisotropy can be fulfilled simultaneously by taking advantage of the temperature dependence of coercivity and anisotropy in temperature assisted writing schemes such as the heat-assisted magnetic recording (HAMR). 
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Patterned media are a way to push the data storage density to the many TB per in 2 regime. 191, 192 A modern overview of advanced magnetic nanostructures in general and via selfassembly patterned nanomagnetic thin films in particular can be found in ref. 193 .
Self-assembly can be considered nature's ''free ride'' towards a low-cost, massive parallel deposition process into well defined patterned structures rather than using expensive top-down approaches such as optical or even X-ray or e-beam lithography. The process of self-assembly allows to a certain degree to tailor fine-structured architectures of single domain size with uniform size distribution and homogeneity in their magnetic properties.
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A prominent example is given by the self-assembly of FePt nanoparticles which are known for the high uniaxial anisotropy enabling thermal stability down to nanoparticle sizes of only 4 nm. 195 As outlined above, self-assembled magnetic nanoparticles are able to provide the necessities for ultra-high density data storage media. They have the potential to fulfill the required low noise read criteria at highest areal data density, the possibility to write with sufficiently low writing-fields while ensuring data stability for at least 10 years at low production costs, the ultimate measure for mass data storage devices.
Nanoelectronics and spintronics applications
Magnetic nanoparticles offer new opportunities in fabrication of nanoscaled electronic devices. One of the possible applications of metallic nanoparticles is in so-called single electron devices.
196-199
The devices can control the motion of a single electron or a few electrons using the principle of Coulomb blockade effect.
3 In a simplest device of such kind (Fig. 22 ) a nanosized metallic particle (island) is put into a close vicinity of two electrodes: socalled, reservoir and operating electrode (the gate). If the bias voltage created by the gate electrode is exceeding the value of e/C (where e is an electron charge and C is capacitance of the nanoparticle) it can cause tunneling an electron from the reservoir to the nanoparticle. The tunneling event will increase the charge of the nanoparticle by one electron charge, which in turn will change its energy by the value of E ¼ e 2 /2C. Therefore, the next electron will have to overcome this additional energy barrier in order to be transferred to the nanoparticle. For relatively large micrometre scale particle, the corresponding energy barrier is smaller than thermal energy at room temperature (k B T ¼ 25 meV) and electrons can easily jump back and forth between the reservoir and the nanoparticle. However, similarly to super- paramagnetic state, when the particle is small enough ($10 nm) or the temperature is low ($1 to 10 K) the energy barrier is significant and the next electron can be transferred only with application of a threshold voltage exceeding e/C value. Otherwise strong electrostatic repulsion (Coulomb blockade) will block the transfer of the next charge. As a result, current-voltage characteristic of the device has a characteristic staircase shape (Fig. 22b) .
3 Single electron device can be constructed via selfassembly of metallic nanoparticles on pattern metallic electrodes to create a metal-organic molecule-metal junction. Single electron transistors (SETs) and many other single electron devices (pumps, turnstiles etc.) can be created in a similar fashion to perform various functions like electron transfer, switching or information storage.
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Even more intriguing effects and phenomena may be observed when magnetic properties of the nanoparticles are also employed. 200 This constitutes the subject of special spin-selective type of electronics (spintronics). [201] [202] [203] [204] The giant magnetoresistance (GMR) phenomenon was the first example of the utilization of the electron spin in nanostructured electronic devices as an additional ''degree of freedom''. 205, 206 Another effect used in spintronics is tunneling magnetoresistance (TMR). [207] [208] [209] This effect employs a magnetic tunnel junction composed of two ferromagnetic layers separated by a thin insulating barrier.
210,211
TMR is used in magnetic random access memories (MRAMs) that combine the advantages of the short access time of the semiconductor RAM and the non-volatility of the magnetic memories.
212
In a last decade significant interest has been attracted by semiconductor spintronics which utilizes semiconducting materials to inject, detect and transport electron's spins. 213 In particular, conventional semiconductors, such as GaAs and CdTe, doped with transition metal magnetic atoms like Mn, have been intensively studied. 214, 215 The challenge is to find a dilute magnetic semiconductor that has the Curie temperature above the room temperature. 216 The prospect of semiconductor spintronics offers an intriguing possibility to combine well-established semiconductor technology with novel spin-related functionalities. 217, 218 More recently a new direction in spintronics has emerged, which involves hybrid structures involving magnetoelectric, ferroelectric and multiferroic materials.
219-221
Spintronics exploits the spin of an electron to process or store digital information. For example, one of the simplest spintronics devices is a spin valve exhibiting a GMR effect. GMR is the large change in electrical resistance of metallic layered systems when the magnetizations of the ferromagnetic layers are reoriented relative to one another under the application of an external magnetic field. 222 As shown in Fig. 23 , the resistance of the spin valve is different depending on whether the orientation of magnetic moments in two magnetic layers separated with a nonmagnetic metallic layer is parallel or antiparallel. The relative difference in resistance between parallel and antiparallel magnetizations, known as the GMR ratio, can reach 200% for some structures.
A similar effect is observed when magnetic nanoparticles are embedded in a non-magnetic metallic matrix. When a ferromagnetic metal is alloyed with a non-magnetic metal, it precipitates into granules, as is schematically shown in Fig. 24 (top) . The size of the granules depends on the solubility of the ferromagnetic material in the nonmagnetic matrix and on growth and annealing conditions and can be as small as 2 nm. In the absence of the applied field their magnetic moments are randomly oriented. Applying a magnetic field aligns the moments of the granules, which results in the resistance drop due to a GMR effect. This behavior is illustrated in Fig. 24 (bottom) , which displays the field dependence of the relative change in the resistance for heterogeneous Co x Cu 1Àx alloys. 223 This earlier demonstration of GMR in granular materials was followed by numerous more recent investigations. Unfortunately, the saturation fields, which are required to align the moments, are relatively high (of the order of 10 kG) which makes the applicability of granular materials fairly limited. In addition, the magnitude of GMR at room temperature is strongly reduced due to superparamagnetic relaxation, which originates from thermal fluctuations of the magnetic moments of the granules. Hypothetic self-assembled nanostructured devices with (bottom) high-resistance and (top) low-resistance geometry of charge polarization GMR (if the spacer particles shown with a filled sphere is a nonmagnetic metal) or TMR effect (if the spacer particles are insulators). Arrows indicate the magnetization direction of the superparamagnetic nanoparticles. For applications, magnetic moment of one of the particles has to be ''pinned'' through the shape anisotropy and may be exchange-biased while the other magnetic dipoles are reoriented by the external magnetic field. The spacer nanoparticle can be replaced by a shell layer in core-shell system approach.
In magnetic tunnel junctions two ferromagnetic layers (or nanoparticles) are separated by a thin insulating barrier. The first particle serves to polarize the spins of electrons which are crossing the barrier by quantum mechanical tunneling before reaching the second particle (or ferromagnetic layer). Two magnetic particles are aligned to have either parallel or antiparallel orientation of magnetic layers. When their magnetic moments are parallel electrons can pass the device's junction easier in comparison to the antiparallel orientation of magnetizations when the tunneling is significantly reduced due to the TMR effect. 210 The magnitude of the current can be used therefore to define two states and to indicate digital ''1'' and ''0'' in a magnetic random access memory (MRAM) device. Considering a nanometre size of the nanoparticles this may create a route for high density data storage employing a TMR effect.
The TMR effect can also be observed in granular solids composed of nanometre-size ferromagnetic particles in an insulating matrix (see Fig. 24, top) . [224] [225] [226] Similar to GMR counterparts, these materials have lower resistance when all magnetic particle moments are aligned by an applied magnetic field than in the case of randomly orientated moments. It was predicted that TMR in these materials is weakly temperature dependent due to the charging energy E c that adds a factor of exp (ÀE c /kT) in the expression for conductance. 227 This prediction is confirmed experimentally for Co nanoparticles in ZrO 2 insulating thin films. 228 The weak temperature dependence of the magnetoresistance makes granular materials with insulating matrices more attractive from the point of view of applications, as compared to those with metallic matrices.
As predicted by theory, [229] [230] [231] [232] spin-dependent tunneling in combination with the Coulomb blockade regime can lead to both an enhancement and an oscillatory bias dependence of the TMR. Realizing a system where these effects can be observed, however, is an experimental challenge. Granular systems, such as Co clusters in Al 2 O 3 are by far the easiest, and an enhancement of the TMR at low temperatures has been demonstrated, 233, 234 but the wide distribution of cluster sizes, and hence charging energies, tends to smear out the predicted oscillatory behavior of the TMR. This problem was addressed by depositing a granular film in a nano-scale constriction, such that the number of clusters within the measured region is small (see Fig. 25a ). By additionally gaining better control over the size distribution of the clusters, the predicted oscillatory behavior of the TMR was demonstrated (see Fig. 25b and c) . 235, 236 In addition to standard magnetic materials, such as Fe, Co, Ni or their alloys, spintronics can employ special materials which exhibit high (nearly 100%) level of spin polarization. Heusler alloys with the general composition X 2 YZ where X may be for example Co or Fe, Y may be Mn and Z may be Al or Si or CrO 2 are considered to be prominent for such applications. 204 The effect is due to a finite density of states at the Fermi level for one spin direction and appearance of an energy gap for the other spin direction, as a consequence of the hybridization of metal d-states on X and Y constitutors.
One more type of nanoparticles which can be employed in this field is a class of some magnetically doped oxide semiconductors. The nature of ferromagnetism in such systems (Co, Fe, or Cr doped ZnO, TiO 2 or other materials) is still debated and the reports range from no ferromagnetic properties at room temperature 237 to intrinsic and strong ferromagnetism at room temperature and above.
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A prospective type of spintronic materials is a combination of magnetic nanoparticles with a semiconducting organic (or polymer) matrix (polyaniline or polythiophenes type conjugated polymers can be employed). Such hybrid materials can in principle combine the best characteristics of the matrix (mechanical flexibility, optical transparency, semiconducting properties, etc.) with magnetic interactions between imbedded magnetic moments. Moreover, as demonstrated in ref. 239 formation of regular arrays of nanoparticles (Co) is possible due to their polymer-assisted self-assembly in polyaniline matrix. Development of polymer based spintronic materials is still in infancy.
Biomedical applications
Magnetic nanoparticles are being extensively investigated for various biomedical applications, which include targeted drug delivery as magnetic vectors can be directed to the target of interest using either external or internal magnetic field, magnetic contrast agents in magnetic resonance imaging (MRI), hyperthermia agents for localized damage of the tumor tissue using high frequency magnetic field, and cell and biomolecule separation. While the reports so far primarily involve tailoring individual magnetic nanostructures (size, shape and surface chemistry), collective physical properties of magnetic nanostructure assemblies are promising for future biomedical applications. 6.3.1 Drug delivery. Drug delivery, involves targeted delivery of payload to the vicinity of the target, typically tumor site. Numerous material systems such as micelles, plasmonic nanostructures, liposomes, layer by layer assembled polymer capsules, dendrimers have been investigated for drug delivery applications. Magnetic nanostructures offer certain unique advantages compared to most of these systems such as (i) they can be guided to the target site using external (or internal) magnetic field, (ii) triggered release of the external drug by heating the magnetic nanostructures using magnetic field and (iii) they can be visualized in the body using magnetic resonance imaging.
One of the important aspects that need to be considered in the context of using magnetic nanostructures for drug delivery applications (or more generally for biomedical applications) is the surface modification of the nanostructures. 240 Although nanostructures without specific targeting agents on the surface (also called passive targeting), which rely on enhanced permeation and retention (EPR) effects (owing to the leaky blood vessels of tumor sites) have been employed for various biomedical applications, they typically exhibit poor results. Typical chemical synthesis of magnetic nanostructures results in hydrophobic hydrocarbons. For enhancing the biocompatibility and achieving specific targeting capability the magnetic nanostructures, surface modification can be achieved by adding amphiphilic surfactants or through ligand exchange reactions. The hydrophobic part of the amphiphilic molecule interacts with the existing hydrocarbon chain on the magnetic nanostructure while the hydrophilic makes the nanoparticles water soluble and biocompatible. On the other hand, ligand exchange reactions involve in the displacement of the existing ligands and replacement with a bifunctional ligand with one functional group strongly interacting with the nanoparticle while the other functional group renders other desired functionality (e.g. water solubility, reduce leaching, avoiding reticuloendothelial system (RES) clearance thus improving the half-life in the blood stream).
Numerous (bio)polymers, organic molecules and inorganic coatings have been employed in the surface modification of the magnetic nanostructures such as poly(ethylene glycol), poly (vinyl pyrrolidone), poly(ethylene-co-vinyl acetate), poly (vinyl alcohol), dendrimers, silanes, proteins and silica. 256 have been loaded into the porous organic or inorganic shells of the surface-modified magnetic nanoparticles. Some of the general issues or challenges associated with the deployment of magnetic nanoparticles for drug delivery (or gene delivery) applications include (i) improving biocompatibility or obtain control over in vivo behavior, (ii) achieving control over bioelimination (which includes preventing unwanted clearance and enabling safe clearance when desired), (iii) improving specific targeting, (iv) minimizing the polydispersity (of size, surface functionality) and (v) issues related to the limited penetration of the magnetic field deep into the body.
6.3.2 MRI contrast agents. Superparamagnetic nanoparticles are being extensively investigated as contrast agents in magnetic resonance imaging (MRI). 257, 258 In the presence of an external magnetic field the superparamagnetic nanoparticles shorten the spin-spin relaxation time (T2) of the water protons around them, resulting in darkening of these regions in the T2 weighted images. Metals alloys and metal oxide magnetic nanostructures have been employed as magnetic contrast agents in MRI imaging. For effective deployment as contrast agents, one has to ensure specific targeting of the magnetic nanoparticles to the desired tissues. Again the same set of problems discussed in the case of drug delivery hamper the application of magnetic nanostructures as contrast agents. Unwanted elimination of magnetic nanostructures by RES clearance processes and their non-specific accumulation in liver, spleen, lymph nodes clearly pose significant challenges. Specific targeting of the nanoparticles involves in the surface functionalization of the nanoparticles with different kinds of targeting agents.
Iron oxide nanoparticles with and without specific targeting have been employed as contrast agents. Cheon and coworkers synthesized herceptin-conjugated iron oxide nanoparticles, which can selectively bind to the epidermal-growth factor receptor (Her2/neu), which is usually overexpressed in breast cancers. 259 This active targeting enabled them to image the tumor cells selectively. Numerous other actively targeted nanostructures such as anti-carcinoembryonic antigen conjugated iron oxide nanoparticles, chlorotoxin conjugated PEG-coated iron oxide particles have been employed for enhancing contrast in magnetic imaging.
260,261
Lee and coworkers have demonstrated the use of magnetic nanoparticles with high magnetization, which exhibited more sensitive in vivo MR targeted imaging. 262 The authors investigated a series of metal-doped magnetism engineered iron oxide nanoparticles of spinel MFe 2 O 4 where M is +2 cation of Mn, Fe, Co or Ni. Herceptin conjugated manganese doped magnetism engineered iron oxide (MnMEIO) nanoparticles exhibited highly sensitive targeted in vivo mice imaging. In fact the particles exhibited sufficient sensitivity to image even very small tumors on mice. Fig. 26 shows the MR images obtained at various times after the injection of herceptin conjugated MnMEIO and crosslinked iron oxide (CLIO). It can be clearly seen from the color changes that the contrast in the case of MnMEIO (color change from red to blue) increases with time due to the progressive targeting while no change was observed in the case of CLIO. They clearly demonstrated that high-magnetic moment nanoparticles and appropriate targeting agents are capable of providing a powerful platform for ultrasensitive detection of various types of cancer.
Even more recently, there have been various reports of multifunctional nanoparticles comprised of various metals (e.g. magnetic (Fe 3 O 4 , Fe-Pt) and plasmonic (Au, Ag) optical (quantum dots)), which can impart multifunctionality. 263 For example, dumb-bell like nanostructures comprised of magnetic and plasmonic nanoparticles were employed for magnetic and optical imaging. 264 Similar approaches have been employed for achieving nanostructures, which can serve the dual purpose of imaging and therapy. The readers are referred to a recent review on the subject for comprehensive discussion. Multifunctionality which is achieved by structural integration of multiple nanocomponents will remain an active research area owing to the potential applications of such nanostructures in various biomedical applications.
6.3.3. Hyperthermia using magnetic nanoparticles. Another important application of magnetic nanostructures that is being widely investigated is hyperthermia using nanomagnetic structures. This approach of cancer therapy does not involve any drugs for treating cancer. Instead, the magnetic nanostructures under external magnetic field cause local heat, which results in suppression of the cancer cells. The technique, often referred to magnetic hyperthermia, is an important therapeutic technique that is being extensively investigated with a wide variety of magnetic nanostructures. The local heating can result from both hysteresis and relaxation losses. 266, 267 In the case of ferromagnetic nanostructures, the hysteresis loss contributes to the magnetic hyperthermia while in the case of superparamagnetic nanostructures relaxation losses play a major role. The general strategy of magnetic hyperthermia involves surface functionalization of magnetic nanostructures with targeting agents to selectively accumulate at the tumor site followed by subjecting the nanostructure to external AC magnetic field, which rises the local temperature to above 40 C, resulting in tumor suppression. 268, 269 The field remains extremely active with novel multifunctional nanostructures and surface functionalization strategies and in vivo studies being the mainstay. 270 
Conclusions and outlook
Large scale assembly of nanomaterials into well-defined superstructures is an important pre-requisite for attaining ultimate control over their properties and to realize (multi-) functional systems and sub-systems based on these nanostructures. Selfassembly of nanostructures is believed to be a powerful tool to address the aforementioned challenge. In contrast to nonmagnetic nanostructures, magnetic nanostructures offer a facile handle in the form of ''response to magnetic field'' to enable complex superstructures. The dipolar forces of magnetic nanostructures are directional in nature, providing facile control over self-assembly and enabling richer morphologies such as closepacked monolayers, 3D crystals, chains, rings, and loops. This review provides a snapshot of recent progress in magnetic nanoparticles where we have briefly introduced the most important chemical and physical methods for the synthesis of magnetic nanoparticles, their size dependent properties and applications. Numerous self-and directed assembly strategies, which have been introduced over last decade, have been highlighted. Important characterization techniques such as SQUID magnetometry and magnetic force microscopy, which provide deeper insight into the collective magnetic properties of the assembled structures have been discussed with particular emphasis to recent findings related to the interpretation of the experimental results. Self-assembled magnetic nanostructures are expected to find important applications in high density information storage with extremely high areal density, spintronic devices and various biomedical applications.
While there has been significant progress in the size and shape controlled synthesis of magnetic nanostructures and their assembly, there are several challenges that need to be addressed before we can tap into the full potential of magnetic nanostructures. The shape controlled synthesis of magnetic nanostructures lags behind that achieved in the case of plasmonic nanostructures such as gold and silver nanostructures, where different complex shapes such as ''nano-rice'', ''nano-crescents'', and ''nano-stars'' are routinely fabricated. 271, 272 A fine adjustment of the shape of the nanostructures would allow better control over their properties and their assembly. The selfassembly methods demonstrated so far are primarily limited to fabrication of rather simple structures such as linear arrays, rings, close packed structures and typically involve non-specific interactions. A higher degree of control and large scale uniformity are critical for realizing self-assembled high density storage devices, spintronic devices and magnetic sensing devices. Yet another exciting direction, which is in its infancy is dynamic or responsive magnetic assemblies, which can be reversibly reconfigured using external stimuli such as pH, temperature, and light. Generally, such ''smart'' nano-materials offer great promise in achieving adaptive materials whose properties can be reversibly tuned or altered upon demand.
